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Abstract

The resultz obtained during the evolution of the
design, construction, and testing program of the
design "B" dipole, are presented here. Design "B" is
one of the original three competing designs for the
Superconducting Super Collider! *85C" arc dipoles.
The latest design ™"B" cross-section 1s shown in
Fig. 1. The final desalgn parameters were as follows:
air cored (less than a few percent of the magnetic
field derived from any iron present), aluminum
collared, two layered winding, 5.5T maximum operating
field, and a 5cm <cold aperture, There have been
fourteen 6dem long Sem  aperture model dipoles cold
teated (at M.3K and lesa) in this program soc far,
There was 2 half 1length full size (6m) mechanical
analog {(M-10) built and tested to check the cryostat's
mechanical design under ramping and quench
conditions,? Several deviations from the ‘Tevatron'
dipole fabrication technique were incorporated, for
eyample the use of aluminum collars instead of
atainlass steel, The winding Gtechnique wvariations
explored were "dry winding,"® a technique with the
cable covered with FKapton Insulation only and "wet
winding” where the Kapton was covered with a 1light
coat of "B" atage epoxy. Test data include quench
currents, field quality (Fourier multipoie
co-effiecients), coll magnetization, conductor current
performance, and eoll loading, Quench current, loss
per cyele, and harmonics were meaSured as a functloen
of the magnitude and rate of change of the wmagnetic
fleld, and helium bath temperature.

Introduction
The eold (s4.3K) testing of these early
prototypes (SB1001 and 3C1001) was conducted without

thelr cold iron shields. One of the featurea of the
latest design of the "S3C" dipoles is a cold iron
shield. The first two prototypes were "iron core”
{greater than ten percent of the magnetic field
derived from the iron present) designa. Both designs
included a gold iron shield., After examinlng various
cool down scenarios for the machine, it was decided to
optimize the air core version of the Scm dipole. This
version had a definite advantage 1n the refrigeration
cooldown and warmup cycle time due te the reduced cold
mass. The first alr core prototype was constructed
from an existing cable whose material was readily
avalilable even though the dimensions would not result
in the proper magnetic field shape, SF1001. It waa
primarily a winding exercise and quench performance
check (See Tabs, 1 and 2). The next series of
prototypes used a thick wedge, (i.e., the lnner radius
azmuthal thickness of the wedge was non zero), SG100X.
These magneta perfeormed well, but had the wrong turn
distribution as well. Then a series of prototypes
with the proper turn distribution were fabricated;
SJ100X for the dry wound serles, and SK100X for the
wet wound series. The magnetic fleld shapes for those
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Table 1, 5Scm Aperture Model Parameters
Btrand Winding Mo of Cable Inter Collar Stramd
Type Type Cabls  Short Layer Lam  Insul
Cu/%e FLL Strands Sample Banding z28
Ratio dia Nry Wet Inner paff Fspton 38 A1l E T
an Outer 2¢t0™'* W 8 BA
D-om 8,26 0 0 RB
Flald L L AR
(48] E I I
D T
B
51001
B o X 23 4600 t x* X
23 5
3¢ j002
A 9 x 23 5328 x » X
2] 5
SF1001
.6 20 x 25 B650 X 4 x
23 [
201003
1.7 17 % 25 78%9 X X X
23
50100%
1.7 11 X 25 7870 X X X
EX]
331006
B o1 x 25 870 X X x
23 6
8J1003
o ox 25 15%9 X x X
23
841006
(L. IR | 25 1720 X X x
73 6
511008
.3 11 x 25 7720 X x x
23
341009
A 17 X 25 7720 X X ]
73
871010
A 1 o 25 1720 X x x
73 3
1001
1. 17 X 25 7870 X X X
58 ™
5K 1902
1. "7 X 25 7870 X X X
g ™
SK1003
T8 7 X 25 7720 1 X X
23

"20l1td, not 1aminated

serles were not as good as had been anticipated based
on careful magnetic field caleculations {although they
were consistent within a group). The problem was
finally traced to the collaring method and excessive
preload. There were actually 22 collared coil
assemblies made, but only 14 were cold tested. The
magnets that were cold tested had theirp quench history
and magnetle field quality In the central region
measured and recorded. Their "Energy (In) minus
Energy (Qut)" profiles were measured as a funetion of
current and rate of change of magnetic field. There
was ' a subset of these collared coils which had strain
gauges mounted in them. Measurements of the 1lcad on
the collar were made using these strain gauges. These
measurements include data from before closing the
collars to closure of the collars and then relaxing at
room temperature. The straln gauges were temperatura
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Figure 1: Detailed ecross section of the 5.5T, Scm
aperture reference Design B dipole magnet. The aold
aperture is 5.1cm in diameter,

Table 2. Performance

Design Design Firat  Maximum Trana Co-efrficienta
Current  Field Quench Current Funat B1IA1 82/l2

with Fe (T Short 5.2¢ Gausa
or Same Sample Amp 1/om 1/ow?
An Daslgn as x 10"
w/o Fe Murrant
As Puilt
8B1001
125 5.0 4300 750 8.00 -18.0
k850 w0 5150 6.0
sc 1002 . 6
125 .0 4800 5750 8.0 N 2
550 ETE w875 '%TB 0.5
SF100)
800 5.0 _780 7305 7.3 -3.1  30.90
6800 5.0 7770 0.5 -0.2
84 100
00 5.0 gg%g 7330 8.22 4.5 ¥2.5
050 5.0 7160 1.0 -0,2
801004
g0 5.0 6050 7210 8.22 -3.0 ¥2,0
50 5,0 7150 0.5 0.5
501006
foo 5.0 5580 7080 B.22 1.0 ¥8.0
650 5.0 Ti60 =10 1.9
8J180
5800 5.0 5500 7150 B.36 -0.1 7.2
5900 5.0 €975 MR 0.7
841006
5806 5.0 §ggg 6765  A,31 -0, .
5960 5.0 1.k .5 -0,
sJ1008
5800 5.0 5205 FANL 8.31 1.2 1.1
5900 5.0 §.2 Zo.2
8J100 '
Ego . 1015 8.31 1.0 11
90 gfg gﬁ .8 Co.
3J1010 5
o ' g, ToN 8.3t 1.0 1.
e o223 o x I ni
K100}
5860 5.0 gggg 7080 8.31 -~3.0 16,1
5900 5.0 975 0.0 2.2
X 1002 8
£390 . 6015 6985 31 =1.0 13.%
Eagﬁ g_g 975 9.0 1.
0o~ a ] 1
5.5 562 6390 31 -0. .
I S 33 34

compensated so data were taken during cool down to
4,2K and during the magnet powering sequence. All of
these coils ran at reduced temperature, most at 3.2K,

during some period of their training cyele. During
the prototype construction period, the eritical
current densaity of NbTL improved almost 35%. Pua to

the higher critical current of the magnet conductoer,
the magnet performance exceeded the original design

goals of 5.0T. It was decided to increase the
operating field to 5.5T. If present higher
performance conductor were used, the operating field

would be 6.0T.

Experimental Procedure

The standard magnet teat procedure was to verify
the high wvoltage integrity of the coil after it was
vertically mounted in the test fixture. The
continuity of the voltage taps and the strain gauges
wera measured and checked agalnst the values attained
after collaring of the winding. These measurements
were repeated during and after the cooldown of the
magnet to 4.2K. The quench performance of the magnet
was measured. The Energy(In} minus Energy(Qut)
profile was measured for both a 3.32 and a 5.4 Tesla
cycle as a function of ramp rate. The magnet was then
subcooled by 5 - 1 degree Kelvin and repeatedly
quenched until it quenched at the same current each
time 1t was energized or became random. The magnet
was then warmed to 4.2K. The quench current of the
magnet was measured as a function of rate of change of

magnetic field. A warm re-entrant bore tube
containing a "Morgan coll™" was then mounted In the
aperture. The harmonics were measured; first the DC

harmonics and then later the ramped harmonlecs.
Special studies of the time wvariation of harmonics,
i.e., the fast and slow change of the sextupole term
given various magnet powering cycles, were made. A
Rawson probe was used to measure the longitudinal
shape of the fleld. In certain circumstances, the
magnet temperature was lowered and the harmonic
measurements were repeated as a function of
temperature.

Results and Conclusions

Quench Performance

The quench history 18 gilven for a typical magnet
Iin this series and for the beat in Fig. 2. The guench
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Flgure 2: The gquench current is plotted as a functlon
of quench number for the best quench performance,
SK1002, and the average, SJ1003.

current performance can be expressed as a percent of
the intersection of the cable's effective resistivity
(2x10 '* q-em) curve and the winding hilghest two
dimenslional field load line. The cable's resistivity

{3 measured with 1t's wide surface perpendicular to



the magnetic field., It took the typlcal coil about
3ix quenches to reach 95% while the best performance
was three. The coil SKI00Z2 had achleved 39%+ on the
third quench. The typical eoil had to be quenchad at
reduced temperature to reach 99%+ or else ten to
twenty times at 4,2K.

Collar Preload

The stress on the coil as measured by strain
gauges 1n the collars {s shown In Fig., 3. It is clear
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Figure 3: This 1s a graphical history
winding' collared coill, SJ1008 from the time 1t was
placed in the collaring preas through the low
temperature power cycling of the coil to 5.8T and back
to OT. Note the magnitude of the streas during the
initial closing of the collars.

of a ‘'dry

that the maximum strain on the collared coll package
oceurs  during the closure of the collars, The peak
stress occurs when the keys are slipped into the slots
In the collars that lock the collars together. This
stress is almost twice (1.93} that of the resldual
stresa left in the collared eoil package after two
weeks at room temperature. Each collar lamination was
connected to 1its neighbor via two stalnless steel

pins. The pina couple adjacent laminations
mechanically (see Fig. 1), The tolerancea necessary
to enable assembly also allow the right and left

laminations to move with respect to one ancther. When
the collars are being clamped on the windings by the
press, this hinge motion allows the coll te expand in
the "x" axls (midplane). Once the keys are in place
and the press removed the colil loading reverses thls
hinged motion allowing the collared coll to expand in
the "y" axis (polar}. A solution proposed for this
problem 1s to spot weld right and left palrs® at the
Pin positions,

aluminum collars is
Seventy—-one percent of the

The advantage of the
illustrated in Flgure 3.

pre-stress needed for the magnetic fleld load 1is
supplied by the difference In contraction of the
aluminum collars (f AL/L = %.5 x 10 ') versus

the c¢oll package {] H'EKAL/L = 3% 10 *). This collar

design employed keysu‘2§o lock it into place. The
aeffect of the magnetic fleld loadlng is only about 20%
of the peak stress seen by the -coll -or 28% of the
residval room temperature stress after collaring and
belng keyed.

Helium lrrigation
colls

The amount of hellum irrigation in these

was minimum for the dry windings to practically zero
for the wet windinga. The vold volume in the windlngs
that helium can occupy {s only a few percent. This
was not consldered to be a problem because the cyecle
time for the "SSC" was very long, requiring only a 50
gausa/second ramp rate, If helium circulation were a
problem, then the quench current should be very ramp
rate sensitive. The data are shown {n Fig. 4. In the
worst case, only about a 10% reduction in the quench
current for ramp rates from 25 gauss/second up to 1660
gauss/aecond occurs.
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Figure 5: This is a graph of the data of the

Energy (In) minus Energy (Out) as measurement as plotted
by the computer.

Energy Loss and Cotl Magnetization

Fig. 5 is typical data of Energy(In) minus
Energy(Out)® for the prototype "SJ1010". The loss per
cycle for a full 'scale 12m collared coil assembly

would be ~ 338 + 36 Joules for the 17y filament
conductor used In these prototypes. The lossa/cycle of
these prototypes increased about 20% by increasing the
ramp rate a factor of three times that proposed for
the S3C as shown 1In Fig. 6, This value would be
reduced by a factor of four to eight 1in the actual
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Figure 63 The loss/cycle of the 'B' series dipoles as
a function of rate of change of magnetic fleld 1is
shown above, The losses only increases about 20% for
ramp ratez up to two to three times that of the
proposed SSC cyele.

magnets due to the additional requirement to minimize
the magnetization effects of the sextupole harmenle
width., A filament size of 2 to 4 microns is required
in order not to need to correct the field shape.

The shape of the Energy(In) minus Energy(Qut)
curve =C (I~I )2 1is to some extent a measure of how
stiff the winaing and supporting structure are’,
Tab. 3 1ltsts the constants of this Imperical equation
when fltted to the E-(in) minus E-{out) profiles,
Smaller values indicate stiffer colls, L.e,, smaller
change in Inductance per unlt of Lerentz force. With
the exception of SF100%, 2all of the c¢olls wound
without the fiberglass tape were stiffer, SC and on,
versus the R seriea magnets that use B astage
flverglasa, The value of "C" ranged from 0,08 to 0.1l
volt-sec/kA? for the R series.®

Table 3. Shape of E{in)-E(cut) Curves = C(I-Io)2

Hodel C(¥olt-sec) 1 (kd)
(TH
8B 1001 0.022 t.00h 0.55
3¢ 1002 0.017 t.004 0.5%
F 1001 0.04D %_ DDA 1.0
8¢ too3l 0.011 %.003% 0.75
83 100N, 6 0,013 $.003 1.6
8J 1003 0.019 t.002 1.6
33 1006 0.015 t,002 1.6
8J 1008 g.011 t.002 1.6
3J 1009 0.008 +.002 1.6
3J 1010 0.010 *.002 1.6
5K 1001 0.009 1,002 1.6
3R 1002 a.0t1 +.002 1.6
8K 1003 0.015 *,002 1.6

Magnetic Field Characteristics

A set of Fourier co-efficients measured at 5.0T
central fleld are given in Tab. U4 for the correct turn
distribution prototypea. It is of interest here to
note that the sextupole and decapole terms were
designed to be zero for the modela SJ100X and_ SK100X,
actually were In fact, ~ 10'and 1.5 %10 * at one
centimeter respectively. It haa been calculated that
an ellipticity of 0.635mm in the polar direction of
the magnet would account for these values and this
solution was relatively easy to check by measuring the
midplane dlameter versus the polar dlameter of the
collared coil package. The diameter measurements were

‘operation mode,

in agreement. This ellipticity was traced back to
both the excessive preload and the collaring process,
Figs. 7 and 8 show the 'in phase and out of phase'
sextupole (B2 and A.) and decapole (B, and A,) curves
as a function™of coif current respectively. cte the
large difference In sextupole values_on the up ramp

versus the down ramp = 7.5 unit (x 10 %) at 0.84T,
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Figure 7: The sextupole in-phase 'B_' and out of phase

'A,' measured Fourier oco-efficients for SJ1009 are
plotted as a function of megnetic fleld.
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Figure 8: The decapole in-phase 'B,' and out of phase
"A,' measured Fourier co-efficients for 5J1009 are
plotted as a function of magnetic field.

The proposed injection field is 0.84T., A value less
than a unit or two will be required in order not to be
corrscted at injection. The ramp cycle magnetization
effects of the sextupole term were Investigated due to
an apparent change in chromaticity of the beam during.
the ‘'Tevatron' injeotion cycle in the <collider
A long time (many minutes) and short
term (a few seconds or fractions of) change of the
sextupole fisld was measured during these powaring

sequences, and therefore accounted for the beam
behavior.

The longitudinal profile of the magnetic fleld in



the short models was measured. The magnetic length
was found to be 68.38cm as shown in Fig. 9. The
‘Morgan' coll probe was tocated at the center of the
magnet and waa 3§.1cm long; therefore, the effect of

the model magnet ends should not be present in the
harmonie co-efflicients measured and presented in
Tab., A,
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Figure 9: This 13 the axial profile of the wagnetlic
field as measured with a Rawson probe. Note the
magnetic length of the magnet is 68.38cm or the

bending power ias H(0,0) middle of magnet times 0.6838
= 0.5853T-m.

Table ). Measzured Fourier Co-Efficlents x 10* 1/om”

by By M By 3 3 4

23 003 ~1.6 0.1 0.7 1.2 0.6 -0.1 0.2 -0.3

8J 1006 %5 -0.7 -0.8 11.3 -0.% -0.3 -0.1 1.0

3J 1008 &2 1.2 -¢.2 1.7 0.0 -0.1 -0.1 0.9
3! 1009 1.8 1.0 -o0.4 1.3 0.1 -0.2 0.0 0.7
8J 1000 -2,0 1.0 -0.1 11,6 0.6 0,1 -0.0 -0.6

3K taa1 0.a -3.9 2.2 148.1 0.2 0.4 -0.2 1.7
3K W2 9.0 -1.0 1.6 13,7 T -0.1 -0 1.5

g 003 -0.6 -0.7 -0.% 9.1 0.3 -0.6 -0.0 1.0

The tranafer constant measured at 6000 Amperes
for a typical prototype was 8.28 +.04 gauss/ampere.
Note in the actual ring magnet due to the iron  vacuum

shell, the transfer constant value would be = 3%
higher,
Conelusions

The questions investigated and answers
this dipole prototype study were:

t. Ia the design "B" iron free magnet a viable
are dipole for the BS5C accelerator? The answer 1s
yes. The magnetie field gquality is reproducible, .and
seems to  be well understood. The censtruction
technique will control the harmonica to within a unit
{(x107*% 1/cm™) of the desired value, The operating
magnetic fleld range of 5.5T to 6.0T, which has been
demonstrated for the design "B" magnet, is certainly
acceptable for the 3SC,

found by

2. Is the 'dry winding' technique viable as a
production method? This question is answered in
detall in a companion paper by "Carson and Bossert®®
at this Conference, and by the magnet performance
reported hera. After a perlod of development, meveral
collared coils were successfully assembled and tested.
The performance problems with the magnets, when they
ocourred, were normally fixed by tightening or
reworking the ends of the coils. The production cost
savings are obvious due to the absence of the couring
steps, Therefore, additional development to further
perfect this technique should be puraued.

3. Is the 'wet winding' technique using "B"
staged epoxy coated FKapton only rather than the
combination of "B" sataged fiberglass and Kapton,
viable as a production method? The answer to this
question 1s ves, as well, This partlicular fabrication
technique, although it did not remove the curing step,
produced higher density windings than fiberglasa
insulated ones, Theae higher density windings, of
course, were oapable of producing a higher magnatic
fleld for a given winding volume.® The best quench
history of this study was a collared coil produced by
this technique, SK1002.

4, Is aluminum a suitable collar meterial? The
data shown in Fig. 3 ¢learly shows one of the best
features of aluminum, namely the reduction of tha
preload needed Lo offset the magnetic 1load. This
reduction can be as high as 70%, as was the case in
8J1008, The performance of the aluminum collared
colls have heen an §ood cr better than their stainless
ateel counterparta.
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